ABSTRACT: The use of hand-held 3D printing technology provides a unique and engaging approach to learning VSEPR theory by enabling students to draw three-dimensional depictions of different molecular geometries, giving them an appreciation of the shapes of the building blocks of complex molecular structures. Students are provided with 3D printing pens and two-dimensional templates which allows them to construct three-dimensional ABS models of the basic VSEPR shapes. We found that the learning curve associated with manipulating the pen accurately and the time required to draw a structure is sufficiently high that this exercise would need to be limited in a laboratory setting to students each being tasked with drawing a different molecule; however, in the correct setting, hand-held 3D printing pens are a potentially powerful tool for the teaching of VSEPR theory.
■ INTRODUCTION
Undergraduate chemistry students are taught many concepts that require the engagement of spatial abilities. Grasping the relationship between a two-dimensional representation and the corresponding three-dimensional object is a critical concept in chemistry, underpinning much of what students learn throughout their degree. For example, valence shell electron pair repulsion (VSEPR) theory, 1 often taught in introductory chemistry courses as a model for predicting molecular geometries based on the arrangement of electron pairs around a central atom, requires students to have the ability to take a two-dimensional representation on the page and transform it into a three-dimensional object in their minds. It has been our experience that students find this to be a challenging task, and when considering that these skills are heavily relied upon in second and third year courses both in organic and inorganic chemistry, it may well be one of the most significant conceptual hurdles for budding chemists to overcome. As such, mastering these skills early on will allow students' a firm foundation upon which to build higher level skills.
Many types of models have been used to help visualize the shapes predicted by VSEPR theory, including (but not limited to): computer animations, 2 touch screen devices, 3 computational laboratories, 4 various materials to build models including whiteboard markers, 5 beads and rods, 6 snap hooks and latex tubing, 7 circular magnets, 8 bar magnets and Styrofoam balls, 9 festive trees, 10 Styrofoam balls with Velcro strips, 11 and plastic globes, 12 clay models and kite kits. 13 However, many of these examples are designed for in-lecture demonstrations and do not focus on building students' skill sets in a hands-on fashion. Our department currently uses a combination of Styrofoam balls with pipe cleaners and plastic model kits to teach first year chemistry students about molecular shape and geometry.
3D printing technology has taken off in recent years, with 3D printed models being applied to the teaching of a wide range of topics in chemical education including: symmetry and point group theory, 14 protein domains, 15 unit cell theory, 16 orbital theory, 17 and structure-energy relationships. 18 A recent development in 3D printing technology is the hand-held 3D printing pen, a device that extrudes hot plastic at a constant rate at a point in three-dimensional space defined by the operator. Applying this technology in the teaching of molecular geometry is potentially a valuable way to enhance student understanding of molecular structure by adding a third dimension to a student's ability to draw molecules.
■ METHOD
Novices to the 3D printing pen find it difficult to manipulate the pen accurately in three dimensions, and even experts usually generate 3D models by drawing 2D sections and assembling them together to make the final model. In order to streamline the drawing process for students, a 2D template was designed (Figure 1 ). Students are able to trace over the images with the 3D printing pen, eliminating the need for strong artistic skills to produce quality models. We found that the best results were achieved when the user drew the circles for the atoms first, then joined them together by drawing in the bonds (Figure 2a) , and finally colored in both sides (Figure 2b )a process that not only makes them more visually pleasing, but also adds a factor of strength to the model. The resulting shapes obtained using the 2D digital template were designed to be like puzzle pieces, where the students would trace two pieces with the 3D printing pen and then combine them into the corresponding molecular shape. The student would then hold the pieces in place and affix them together using the printing pen. For example, to produce an octahedral model, students would draw two copies of the Tshaped template (Figure 2b ) and then join them together and fix them into place using a little extra plastic (Figure 2c) . The end result is beautiful, brightly colored 3D models of the basic VSEPR shapes (Figure 2d) .
The key to avoiding ink transfer into the plastic and the resulting discoloration of the models was to place a piece of paper on top of the template and trace directly on this blank top layer. Attempts were made to use glass and acrylic sheets in place of paper as a top layer, but the plastic did not adhere well enough to either to enable a high success rate. We found the ABS plastic to be superior to PLA for building the models, as the ABS structures were more pliable and were easier to peel off paper. On average, each model required one to two strands of ABS (∼1.5−3 g ABS per model), depending on the user. 
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Technology Report ■ DISCUSSION AND CONCLUSIONS There are 13 commonly encountered VSEPR geometries, but six: linear (2 electron domains and 5 electron domains); bent (120°and 109.5°); trigonal planar; T-shaped and square planar, have all of their atoms in the same plane and are the least in need of 3D representation. That leaves six that require a genuine three-dimensional understanding: trigonal pyramidal, tetrahedral (4 electron domains), seesaw, trigonal bipyramidal (5 electron domains), square pyramidal, and octahedral (6 electron domains). Interestingly, when we let our test class have free rein to draw whatever they liked the majority chose to draw a trigonal bipyramid, perhaps because this was the only one of the five basic VSEPR shapes that required two different components. The test class, consisting of 20 first year students working in pairs, found the task of producing the models challenging, producing only one or two models in the allotted 60 min. This demonstrated that the learning curve associated with manipulating the pen accurately and the time required to draw a structure is sufficiently high that this exercise would need to be limited in a laboratory setting to students each being tasked with drawing a different molecule. The mechanical integrity of the produced models is also a potential drawback, as the models are relatively fragile and would probably not hold up to a day spent rolling around in a backpack. It is noted that the mechanical integrity of the models is also dependent on the amount of plastic used. Another consideration is the safety of using the 3D printing pen, as the tip of the pen reaches a temperature of 240°C (on the "high" setting), which does present burn hazard for students using the pen; however, with proper instruction and supervision, this hazard could be limited.
While the commonly used ball and stick model kits are an effective tool for teaching VSEPR theory, the application of hand-held 3D printing pens provides a fresh and unique way for students to learn about molecular geometries. Not only could this to be a fun and engaging learning exercise for students, but the students could also keep their models afterward as the raw material, ABS plastic, is inexpensive. We envisage that this would result in students being likely to share their experience with friends and family, potentially promoting a more positive attitude toward learning VSEPR theory. 
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